All procedures were approved by the NIBS Animal Care and Use Committee and were in accordance of NIH regulations.
were incubated in sera with antibodies against CAII (1:500, Chemicon) or PDE2A (1:50, gift from J. Beavo, University of Washington). Visualization was achieved with Cy2-conjugated goat anti-rabbit or Cy3-conjugated donkey anti-chicken secondary antibodies (1:200, Jackson ImmunoResearch). Sections were coverslipped with 50% glycerol and DAPI in the mounting medium. For single-cell SAGE, polymerase chain reaction (PCR) products were selected by second PCR reactions using primers that match molecular markers for mature olfactory sensory neurons (olfactory marker protein) or the subset of interest (PDE2A). Detailed methods for single-cell SAGE have been described elsewhere (S3).
Confocal Imaging. Fluorescence images were collected on a laser scanning confocal microscope (Zeiss LSM 510 Meta) with 20X or 10X air objectives. Optical stacks with 1.0 μm Z-intervals were collapsed into single frames. Glomerular borders and cell layers were identified by DAPI labeling. Calcium Imaging. We followed a published protocol for the preparation of intact olfactory epithelia and calcium imaging (S4). Briefly, GCD-ITG mice aged 6-10 weeks were anesthetized by pentobarbital (100 mg/kg of body weight) and decapitated. Swatches of olfactory epithelium were peeled from the underlying bone in the posterior nasal cavity and placed in oxygenated HEPES-based Ringer solution (140 mM NaCl, 1.5 mM KCl, 1 mM MgCl 2 , 2.5 mM CaCl 2 , 11 mM glucose, 10 mM HEPES, pH 7.4). Tissue was loaded with calcium-sensitive dye Rhod-2/AM (Invitrogen) following a two-step procedure (S5). First, we targeted epithelial regions containing large numbers of GFP + neurons within the excised swatches (filter cube Olympus U-MGFPA) and focally applied 100 μM Rhod-2/AM dye (dissolved in 80% Invitrogen) . The tissue was then incubated in a dye-loading solution containing 2.5 μM Rhod-2/AM in Ringer solution (30 min) followed by a wash in dye-free Ringer (30 min, both at 34 °C). Swatches of olfactory epithelium were transferred to an imaging chamber and stabilized with a nylon net.
Throughout the experiments, oxygenated Ringer solution was continuously perfused at a rate of 3 ml/min at room temperature (25 ± 2 °C). The calcium imaging setup consisted of an upright fluorescence microscope (Olympus BX51WI) equipped with a 40X water immersion objective, a red light filter set (Olympus U-MWG2 XF22), and an Andor iXOR camera. Dye photo-bleaching was minimized by using low light power and high camera gain.
For CO 2 delivery, oxygenated Ringer solution was bubbled with pure CO 2 from a gas tank and then superfused into the chamber. CO 2 solution (20-400 μl) was introduced into a chamber with a volume of 1.6 ml, resulting in a total volume of 1.62-2.0 ml and a final CO 2 concentration of 0.4-6.4 mM. Repeated CO 2 stimuli were presented with an interstimulus interval >5 min. In control experiments using pH-adjusted Ringer (6.4-7.4) or bicarbonate buffer, volumes of test solutions were identical to those used for CO 2 delivery. To block cGMP-sensitive cyclic nucleotide-gated channels, L-cis-Diltiazem (10 μM, Biomol) was superfused before and during CO 2 application, and the epithelium was washed for at least 10 minutes after drug application to test for recovery. To examine the role of carbonic anhydrase II (CAII) in CO 2 -triggered responses, Acetazolamide (1 mM, Sigma) was superfused to inhibit CA activity.
Fluorescent signals were acquired at 4.3 frames/sec (512 x 512 pixels per frame) and digitized with a 14-bit AD converter. Normalized fluorescence changes were calculated as
, where F n is the background-and bleach-corrected average fluorescence intensity within the measurement box in frame n, and F 0 is the background-corrected intensity averaged over 10 frames at the start of a imaging sequence. and placed in a custom-designed stereotaxic apparatus. Filtered airflow (2 l/min, 0% CO 2 )
was continuously applied to the nostrils at a distance of 1 cm. Bulbar neurons were recorded extracellularly with glass electrodes. CO 2 pulses were applied with a custom-made olfactometer. Signals were bandpass filtered at 0.5-3KHz, digitized at 6 KHz, and analyzed with custom-written Matlab programs. Juxtacellular labeling was achieved by filling recording electrodes with 4% neurobiotin and then passing low-amplitude currents to isolated single-units (S6).
Examining CO 2 Activation Patterns Using c-Fos. Adult mice were first housed individually in a clean plastic chamber continuously ventilated with filtered air for 90 minutes.
Six pulses (2 min each) of CO 2 at 1% were interleaved with 3 min intervals of fresh air applied over a 30 min period. After 90 minutes, mice were overdosed with pentobarbital and then perfused transcardially with 0.1 M PBS, followed by perfusion of PBS fixative containing 4% paraformaldehyde. The brain was removed, post-fixed, and cryoprotected in 30% sucrose. Coronal sections of the olfactory bulb (30 μm) were prepared on a cryostat.
Sections were incubated with polyclonal rabbit anti-c-Fos antibody (1:500, Santa Cruz) in the blocking solution overnight at 4°C, followed by rinsing and incubation with Cy3-conjugated donkey anti-rabbit secondary antibody (1:200, Jackson ImmunoResearch) for 1 hr at room temperature. Sections were mounted on slides in a mounting medium containing DAPI and 50% glycerol.
Behavioral Training. Details of the 12-channel olfactometer are provided in Fig. S6A .
Deodorized fresh air (2 l/min) was continuously applied through Teflon tubing connected to an odorant port. CO 2 within the main air stream was eliminated by passing air through soda lime. CO 2 (purity > 99.995%) was filtered by active charcoal and was added into the main air stream by passing a channel-specific solenoid valve. To eliminate the auditory cue from the opening of the channel-specific valve, the solenoid valve for the next trial was opened immediately following the closure of the final valve (Fig. S6A , B). Deafening did not affect the CO 2 detection thresholds (deafened animals -1.19 ± 0.08 log units or 0.065% CO 2 ; n = 3, p=0.87, t-test), ruling out the contribution to behavioral performance by auditory cues from valve opening. Oxygen levels during CO 2 pulses were maintained at 20%. CO 2 concentrations were monitored with two separate infrared-based CO 2 analyzers (GXH-3010D, Huayun
Instruments, Beijing and CO2WFA, CardioPulmonary Technologies). A flowmeter on each channel was used to fine-tune the final concentration. Pulses of 0% CO 2 and 20% O 2 with the same flow rate were applied at random to any channel and were used as controls.
Mice were trained with a go/no-go paradigm similar to behavioral tests that have been described previously (S7). Briefly, adult mice (C57BL/6 wild-type mice, CAII mutant mice, and CNGA2 knockout mice, aged 8-12 weeks) were deprived of water for 1 day prior to a test session. They were then placed in an operant conditioning chamber and learned to lick a port for water delivery. The water delivery port was positioned just below an odorant delivery port.
A mouse initiated trials by poking its nose into the odorant port, which interrupted an infrared photo-beam (Fig. S6, A and B ). Square CO 2 or control pulses (Fig. S6, C and D) were triggered at a 1-sec delay following a nose-poke (Fig. S6B ). Mice were trained to lick in response to S+ stimuli ( Fig. S6C ; 2 sec 0.5% CO 2 pulses, 20% O 2 ; termed a 'hit' and to not lick in response to S-stimuli ( Fig. S6D ; 0% CO 2 , 20% O 2 , same flow rate; termed a 'correct rejection'). Licking during S-led to a mild foot shock and a 10-sec timeout. A "correct ratio"
was calculated reflecting the percentage of correct trials (number of hits + number of correct rejections) over the total number of trials. Tests were carried out only after the "correct ratio"
stably reached over 90% for 3 consecutive days.
Threshold Testing Using Maximum Likelihood Adaptive Staircase Method (MLPEST).
Each day mice were first trained with 40 trials to maintain stimulus control.
Their task was then switched to control by a custom-written computer program that implemented the MLPEST algorithm proposed for threshold measurement for the visual system and later modified for use in the olfactory system (S8,S9). Each block of stimuli contained S+, S-, and test stimuli in a random order. The test trials consisted of ten concentrations between 0.001 -0.2% in log steps. In order to maintain stimulus control, test trials were rewarded at a rate of 50%.
Following each block of trials containing S+, S-and test stimulus, the accumulated responses to test trials were used to calculate the likelihood for each possible threshold value based on a Weibull psychometric function, P(x) = γ + (1-γ) ⋅ (1/(1+(x/α) β ). In this function α is the threshold, γ is the false alarm rate, and β is the steepness of the function. In our calculations, the range of α was -4 -0 log units (0.0001 -1%) with a resolution of 0.01. We set γ initially at 0.2, and adjusted it to the final value based on a mouse's performance after 20
blocks. The parameter β was initially set at 6.0 and then adjusted according the animal's performance. The channel for each subsequent trial was chosen by its close distance to the newly estimated threshold and the principle of randomized windows to facilitate the test process (Fig. S7 , A and B) (S9). The program was terminated when a 95% confidence interval (error bars in Fig. S7 , B and C) of the estimated threshold value was reduced to preset range (< 0.3 log units).
When challenged with CO 2 at higher concentrations (up to 3%), four of the CAII mutant mice had detection thresholds of 1.08 ± 0.13% CO 2 (~20 fold higher than wild-type), and the other two mice lacked stimulus control for further threshold measurement (~50% correct for 1% CO 2 ). The detection thresholds for amyl acetate were not significantly different between wild-type and CAII mutant mice (-3.84 ± 0.07 log units for mutants vs. -3.97 ± 0.08 for wild-types, p = 0.21, t-test).
Nasal Irrigation of Zinc Sulfate and Acetazolamide. Needles (25-gauge) were gently pushed into the nostrils of lightly anaesthetized mice. For lesions of the olfactory epithelium, a 50 μl bolus of 5% zinc sulfate was applied to each nostril. For inhibiting enzymatic activity of carbonic anhydrase, 50 μl of 15% Acetazolamide (Sigma) was applied to the nostrils. To control pH of Acetazolamide solution, physiological saline with pH adjusted to 10 was applied (50 μl).
T-maze Assay:
Male BALB/c mice (aged 8-12 weeks) were placed in a custom-made T-Maze in darkness. This mouse strain was used because its coat color is white, which facilitates identification of the mice in videotapes. The two facing arms were constantly infused with filtered fresh air and drained with vacuum tubes. When mice settled in one arm of the T-maze, CO 2 or control air with a predetermined flow rate was infused into the maze arms by opening solenoid valves. CO 2 concentrations were real-time monitored. Mouse movement was videotaped with an infra-red CCD camera. Video scoring and valve openings were computer-controlled using a custom-made program written in Matlab.
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Fig. S12. CO 2 detection requires CA enzymatic activity in the nose. (A) Nasal irrigation of Acetazolamide (AZ) completely abolished CO 2 detection by wild-type mice. The effect of Acetazolamide was largely diminished on the second day (89 ± 2.2%, n = 5). As a control, nasal irrigation of saline with the same pH as Acetazolamide (pH = 10) had no effect on CO 2 detection (95.6 ± 1.5%, n = 5, p = 0.48). ***: p < 0.001; *: p < 0.05 (within group t-tests). (B) Application of AZ had no effect on the ability of wild-type mice to detect 0.5% amyl acetate. 
